Ever since Gösch et al. 1 applied fluorescence correlation spectrometry (FCS) to a microchannel flow system, this technique has attracted attention in various fields, including nano-and life-sciences, such as the flow system of fluorescent particles, 2 quantum dots, 3-5 DNA-fluorescent probe assemblies, 6,7 protein molecules, and living cell systems. [8] [9] [10] [11] [12] Further, a new technical approach has been attempted in FCS for increasing the information obtained by the cross-correlation or fluorescence resonance energy transfer (FRET) techniques. [13] [14] [15] A confocal optical configuration has been adopted for observing most of FCS (see the review by Cognet et al.).
Introduction
Ever since Gösch et al. 1 applied fluorescence correlation spectrometry (FCS) to a microchannel flow system, this technique has attracted attention in various fields, including nano-and life-sciences, such as the flow system of fluorescent particles, 2 quantum dots, [3] [4] [5] DNA-fluorescent probe assemblies, 6 ,7 protein molecules, and living cell systems. [8] [9] [10] [11] [12] Further, a new technical approach has been attempted in FCS for increasing the information obtained by the cross-correlation or fluorescence resonance energy transfer (FRET) techniques. [13] [14] [15] A confocal optical configuration has been adopted for observing most of FCS (see the review by Cognet et al.) . 11 Recently, a numerical treatment or nonstandard method has been proposed by Culbertson et al. 16 However, the object dynamics vary with the flow and free Brownian motion; in some cases, calibration of the fluorescent particle size might be required.
In the present note, in particular, the limitation in determining the empirical relationship between the pinhole diameter and the fluorescent particles size is investigated: we have shown that nanosize measurement is possible without any optical magnification. As a practical application, the microalgal size was measured with the present system.
Experimental

Reagents
All the fluorescent particle standards were obtained from Polyscience Inc. (Fluoresbrite, Microsphere, POL series). The particles used were latex particles, whose surfaces were modified by fluorophores: the particles were stably suspended in aqueous media. We confirmed that the standard shows the maximum emission at 410 nm for an excitation wavelength of 325 nm.
FCS measurement system
The optical configuration was the same as that used for the ordinary fluorometry. Standard particles in an ordinary synthetic quartz cuvette used in fluorometry were driven by an ordinary cubic stirrer (GL Science, Type SRS 111A; with a stirring rod of Type TC-10) at a rate of 200 rpm. The excitation was performed by a He-Cd laser at 325 nm (Kinmon Koha Co. Ltd., Model IK-3251RF, 15 mW). The emission from the cuvette was directly detected by a photon counter (Hamamatsu, Model C8855) through a pinhole by employing 350-nm highpass and 410-nm (or 650-nm) band-pass filters (purchased from Edmund Optics). The diameter of the laser beam was about 0.7 mm. Therefore, observation volume can be calculated as about 0.4 × 10 -6 A ml (A = diameter (μm) of the pinhole used). The signal was processed by a real-time correlator (ALV-multiple tau digital real correlator 5000/60XO, ALV-GmbH, Germany) and transferred to a Windows XP computer to which the photon counting signal was also simultaneously transferred for display. Pinholes were purchased from Sigma Koki Co. In the present optical configuration, no tools were used for the magnification of the fluorescent images, i.e., a pinhole was set just in front of a photon counting detector near the sample cuvette.
Cultivation of microalgae
Synechocystis sp. PCC 6803 and Chlorella kessleri C-531, a single-cell freshwater algae, were obtained from IAM Culture Collection at the Institute of Molecular and Cellular Biosciences, the University of Tokyo. Both alga were cultivated in Gamborg's B5 and GG-11 media, respectively, until they reached stationary phase, and then were subjected to the present FCS system.
Results and Discussion
The fluorescence correlation function was given by
where I(t) is the real-time detected signal; τ, a delay variable; and t, the time. The notation < > indicates the time average. In a typical example of an FCS signal (G(τ)), three phases appear against τ: the initial diversion phase (τ = shorter than The performance of fluorescence correlation spectrometry (FCS) was examined for studying the solutions suspended with the fluorescent particles of various sizes from 50 nm to 10 μm in diameter and for different sizes of pinholes: the particles were made to move by simply stirring the solution in the quartz fluorescence cuvette. Without using any magnification tool for the optical image, this FCS system successfully distinguishes images with a size of smaller than 1 μm. This system was applied for determination of the sizes of microalgae. 10 μs: phase 1), the stable phase with the normalized G(τ) being almost constant (τ = 0.01 -a few hundreds ms: phase 2), and the decay phase during which the correlation was last (τ = longer than a few hundreds ms: phase 3). In most of the general FCS methods, including the method based on the Brownian motion, the decay time in phase 3 was used for the calibration of the particle size. However, in the present case, the magnitude of the normalized G(τ) value in phase 2 corresponds to the particle size. This is due to the fact that the present system obtains the average of a number of particles. The larger particles moved at the slower speed under the stirring, resulting in larger G(τ) values in the observation volume of fluorescence. The resident time is shorter in the observation volume for the smaller particles providing the smaller G(τ) value. Therefore, in the present method, the calibration of the particle size is performed based on the magnitude in phase 2. In Fig. 1 , the average of the five-time measurements of the FCS signal (observation time = 180 s) is shown. The larger pinhole loses the responses for smaller particles. The discrimination limit is dependent on the accumulation times. However, a 200-μm pinhole has a distinguishable limit of 2 -5 μm for the particle size. Further, 1 μm and 0.1 -0.5 μm are evaluated to be the limits for 50-μm and 10-μm pinholes, respectively. Empirically, the possible detection in the particle size is one hundredth of the pinhole diameter in the present FCS method. In the case of using a 2-μm pinhole, a large FCS function (G(τ)) specific to 0.05-μm-size particles is obtained. This result is reproducible: in Eq. (1), a very small <I(t)> yields a deteriorated G(τ), and as a result, FCS seems to be not reliable for larger particle-sizes. In our case, a fluorescence signal at the level of at least a few ten thousand counts per second is required. Eventually, particle size less than 1-μm (0.1 -0.5 μm) can be the distinguishable limit for the present system. Figure 2 shows an example of the dependence of the G(τ) value on the concentration of the particles. It is understandable that G(τ) is averaged over I(t) and must be independent of variations in I(t). However, one can consider that large deviations occur in G(τ) due to instrumental limitations in the detection system when I(t) becomes small. According to Eq.
(1), the smaller numerator, <I(t)>, provides the larger G(τ) value with larger deviation. This situation is related to the detection power of the present system. method, where the FCS was observed for microalgae. The fluorescence was based on chlorophyll inside the algal cells. From this figure, cell sizes for Chlorella kessleri and Synechocystis can be estimated as about 8 and less than 2 μm, respectively, on the assumption that the shape of the cells was completely spherical, where G(τ) at τ = 1 ms was used for evaluation. It is clear that the present FCS method based on the mechanical stirring in the fluorescent cell (cuvette) successfully yields the size information for nanoparticles without any magnification device being employed.
